Wool dyeing wastewater contains xenobiotic compounds that can be removed by biotechnological processes. Studies on various dyes showed that anaerobic processes are suitable to alter azo dyes as a first step of the biodegradation process. These compounds are reduced by anaerobic consortia to aromatic amines and its ultimate degradation can be achieved by a further aerobic treatment.
INTRODUCTION
Azo dyes constitute by far the largest number of acid dyes and include the majority of red, yellow, orange, brown and black hues. They range from 82 I.C. GONÇALVES et al. relatively simple low molecular weight dyes, monoazo dyes as Acid Orange 7, to quite complex molecules that generally possess a high affinity to wool and nylon, as diazo, triazo and polyazo compounds.
In order to respond to consumer demands for textile goods these compounds present a high colour stability and are, in general, resistant to biological degradation (Michaelis et al., 1985; 1986) . Most dyes have a high solubility and pass trough the classic wastewater treatment plants without any transformation (Chung et al, 1993) . This way, they are discharged in water courses which often are used as drinking water supply, thus the environment fate of dyes is of serious concern.
It is already known that azo compounds can be degraded by anaerobic processes to intermediates (Haugh et al, 1991; Kudlich et al, 1996) . Anaerobic dye metabolites may be degraded aerobically (FitzGerald et ah, 1995) and it is known that aerobic mixed bacteria communities, capable to metabolize anaerobic dye intermediates as sole source of carbon, have been isolated (Haugh et al, 1991) .
The degradation of azo dyes, according to the literature (Cooper, 1995) , is influenced by the number of sulfonated groups present in the dye molecule and metabolites. Sulfonic groups are pointed out as inhibitors for microbial attack (Leidner et al, 1979; Wuhrmann et al, 1980) . However there is no complaint about sulfonated compounds in the environment and so, despite its poor biodegradability, at least some sulfonates are likely to be completely degraded (Cook et al, 1999) .
Under anaerobic conditions azo compounds are reduced by cleavage of the azo bond (Seshadri et al, 1994) which is probably pH dependent (Weber et al, 1987) :
where R] and R2 are phenyl and naphtol groups, respectively. Pasti-Grigsby et al. (1992) studied the influence of substituents on azo dye biodegradability by using actinomycetes and fungi and analysed the possibility of enhancing the biodegradability of azo dyes by changing the chemical structure of commercial dyes by linking selected substituents into the dyes' chemical structures. They found significant degradation of azobenzene derivative dyes by the actinomycetes when the hydroxyl group had a specific (para) position relative to the azo linkage and at least two electron-releasing substituents (methoxy and/or one alkyl group) were in ortho position relative to the hydroxyl group. The fungus used in their studies showed extensively decolorization of several azo dyes. According to the literature azo dye reduction occurs exclusively under anoxic conditions (Chung et al, 1993) .
The rate of this partial degradation should be studied to find if it affects the degradation rate of the substrate used as sole carbon source. Several expressions have been proposed to describe the reduction of nitroaromatic compounds (Weber et al., 1987) . A study of the reduction of azo dyes in anaerobic cultures was also performed by Dubin and Wright (1975) and they observed a zero order reduction kinetics with respect to the dye concentration. Investigations on reduction kinetics of a series of azobenzene derivatives substituted with various electron-donating and electron-withdrawing groups were also done by Weber and Wolfe (1987) . For azo benzene degradation they found a first order decay rate. Wuhrmann et al. (1980) observed that the decolorization of a variety of dyes followed a first order kinetics at least in the initial phase of reaction. They also verified that azo reduction could even be inhibited by its reduction products, amine, nitrite and nitrate. The role of bacteria in reducing azo groups to carcinogenic compounds is of considerable concern (Brown et al, 1993) . It is understood that anaerobic cleavage of azo linkage is just the initial step in the biodégradation of azo dyes (Games et al, 1977) .
The aim of the present paper is to follow the degradation of a textile acid dye by an anaerobic mixed culture and to study the kinetic model involved. The dye degradation rate was investigated at different dye concentrations (up to 400mg/L) for a constant substrate concentration used as the sole carbon source. To understand the behaviour of anaerobic biological processes in the presence of xenobiotic compounds, as a first step of dye degradation, is also of great interest.
MATERIALS AND METHODS

Batch Systems
In these experiments five 1.5 liter vessels, equipped with a mechanical stirrer and four sample ports, were used. The sample ports were to bubble nitrogen gas during the first 15 min of reaction to remove the dissolved molecular oxygen from the system, for biogas collection, for sampling and for feeding. The reactors were maintained at 37 ± 2 °C.
Substrate and Inoculum
Reactors were fed with a synthetic waste containing glucose as carbon source. Micronutrients and basic nutrients were added according to Wiegnant et al. (1985) . A mixture of 80% (v/v) of the synthetic waste and a 20% (v/v) of anaerobic sludge with 35gVSS/L was introduced in each reactor. The biomass used as inoculum was a seed sludge collected in a municipal wastewater treatment plant and acclimatised for six months in the laboratory.
A commercial azo dye was selected for this work: a sulfonated diazo dye, "Acid Red 73". It was dissolved in the synthetic medium in concentrations of 60, 80, 100, 120, 150, 200, 300 and 400 mg/L and fed to the reactors. The synthetic waste supplemented with dye was analysed giving 1581 mg/L to 1965 mg/L for chemical oxygen demand (COD) and 16 mg/L to 25 mg/L for suspended solids (SS).
Analytical Methods
Samples were collected during the reaction time, up to 72 hours. Samples of 5mL were withdrawn and filtered through 0.45 um glass microfiber membrane for analysis of soluble components. pH, suspended solids (SS), volatile suspended solids (VSS) and chemical oxygen demand (COD) were determined according to the Standard Methods (Standard Methods, 1992) . The color was measured by running ultraviolet-visible spectra on filtered samples. The wavelength of maximum absorbance in the visible region, Amaxj is 510 nm for AR73. All the samples were analysed within two hours after collection to minimise the influence of light and oxygen.
RESULTS AND DISCUSSION
Preliminary Tests
Some preliminary tests with activated carbon granules were carried out to better understand the process of the dye removal, i.e., to find out which process takes place, adsorption or bioelimination. For these experiments two vessels were used, one with 48 g of granular activated carbon (lOOmL), 100 mg/L of AR73 dissolved in the synthetic medium, and the other was inoculated with 200 mL of anaerobic biomass and 100 mg/L of dye AR73 dissolved in the synthetic medium. The total volume of the reaction mixture was 1 liter. Samples were gathered, filtered and then the colour measured at •^max-The evolution of the spectra in the ultraviolet-visible region was compared as well.
In the vessel with activated carbon a decrease of the peaks in the whole ultraviolet-visible region occurred as shown in Figure 1 biomass the evolution of the spectra was significantly different and, after 24 hours the spectra were altered (Figure 2 ), indicating that the chemical structure of the dye was affected. These results showed that not only adsorption had occurred, as a first mechanism of the colour removal, but also a bio transformation of the dye molecule, due to the presence of anaerobic bacteria. Following these results some kinetics studies on colour removal were done.
Main Tests
The rate of degradation of organic matter easily metabolized (glucose) and degradation of dyes can be described by equations based on MichaelisMenten kinetics, in which enzymes of the biomass attack these compounds degrading them (e.g., reducing the azo group of the dye). According to the literature (MetCalf et al, 1991 , Llabrés-Luengo et al, 1987 , when the substrate concentration is low, Michaelis-Menten kinetics can be simplified and a first order model can be used to describe the substrate utilisation in biochemical reactions. It was also assumed that the biomass concentration remained constant during the time required for the process to take place. Anaerobic decolorization takes place even for high dye concentrations. Removal efficiency was, on the average, higher than 90% even for dye concentrations of 400mg/L (Figure 3 ). The time required to get a residual constant value of dye concentration increased with the concentration. As shown in Figure 3 dye decolorization occurred essentially in the first 6 hours of reaction, indicating that this process occurred faster than the degradation of glucose which took about 72 hours approximately ( Figure 4 ). As observed in Figure 4 , the percentage of COD removal decreased as dye concentration increased, which is certainly due to the dye/dye metabolites contribution to the total COD. As the system is well homogenised, no significant resistance to mass transfer exists, so the dye degradation rate is mainly controlled by biochemical Assuming the biomass concentration is constant, integration leads to the following equation:
where Co -initial dye concentration, ML~3 t 0 -initial time, T.
For low dye concentrations, i.e., A C »C equation (1) could be simplified following a first order kinetics model (MetCalf et al., 1991; Llabrés-Luengo et al., 1987) : Results were regressed using an ENZFITTER software (Leatherbarrow, 1987) . By fitting the proposed equations to the experimental results it was observed that for dye concentrations till 200 mg/L data follow a first order kinetic model (equation (4)), as can be observed in Figure 5 . Kinetic parameters values of A' and C<, are indicated in Table I . Standard errors of the parameters were in general lower than 10%, which indicate that is an acceptable fit, according to Leatherbarrow, 1987 . Results obtained for A' indicated (Table I ) a general tendency to decrease with the increase of dye concentration, which means a decrease in rate degradation. This fact can be attributed to a probable inhibition factor that is being introduced by the dye/dye metabolites present in the reactional mixing.
For dye concentrations of 300 mg/L and 400 mg/L equation (2) was fitted with t 0 = 0:
Fitting experimental results for 300 and 400 mg/L of dye ( Figure 6 ) led to the kinetic parameters shown in Table II . In this case the rate of decolorization decreases more rapidly than predicted by a first order reaction, which could be explained by the fact that the reduction products accumulated in the medium are responsible for some kind of inhibition. The kinetic parameters A(A' ) and \ c show a tendency to decrease with the dye concentration, even with the few results obtained (Table II) . This behaviour had also been observed for the kinetic parameter A' for dye concentrations up to 200 mg/L (Table I ). According to the experimental results, the residual dye concentration was different from zero for each initial dye concentration, and it was also observed that their values increased as the initial dye concentration increased. This fact could likely be explained by the presence of dye metabolites that absorb at the same wavelength of the dye molecule itself.
Values of C o (Tables I and II) are in general lower than the initial dye concentration fed to the reactors, which indicates that adsorption occurs as a primary removal mechanism of the dye. This adsorption causes a decrease of the absorbance of the dye solution immediately upon contact with the bacteria suspension and was not included in the calculations of the kinetic parameters.
CONCLUSIONS
Although Dubin and Wright (1975) indicated a zero order kinetics for reduction of azo dyes, in the present work it was found, for concentrations up to 200 mg/L, a first order kinetics decolorization rate according to Wuhrmann et al. (1980) and for concentrations of 300 and 400 mg/L a kinetics model similar to the Michaelis-Menten equation. This indicates that, despite of being a gratuitous process, anaerobic azo bond cleavage goes on until very low concentrations. However, it should also be pointed out that for dye concentrations higher than 200 mg/L the depletion rate of the dye is not so pronounced as in the case of lower dye concentrations, which is reproduced by a first order equation.
High dye concentrations seem not to cause biological inhibition in a significant extension, as well as its metabolic products. However, kinetic parameters \ c , \(X) and A', indicate a decrease tendency in their values (Tables I and II) as dye concentration increases, which may be interpreted as a small inhibition factor due to the dye/dye metabolites in the liquor mixture. Variations in these parameters obtained by fitting experimental results (Tables I and II) could be explained, among others factors, by the fact that some of them are not real constants, but indeed they depend on the mass of biomass present along the time.
As the process is complex and poorly understood, the proposed model is a simplified one with some limitations, but it is capable of predicting anaerobic dye degradation.
The dye studied contains two sulfonic groups that could also have an inhibitory effect (Wuhrmann et al., 1980) . Also no significant differences were observed in biological degradation of glucose used as co-substrate when the dye was present.
Decolorization by reductive cleavage does not represent the complete degradation of the dye and, in terms of environment issues, the problem still remains, so the question of to find out conditions that cause complete biological oxidation of anaerobic metabolites in mineralised products is essential and is still to be solved.
